INTRODUCTION
The intake of trans fatty acids TFAs changes the ratio of low density lipoprotein LDL to high density lipoprotein HDL cholesterol in blood, which leads to cardiovascular disease CVD 1 5 . A well-known meta-analytical epidemiological study by Acherico indicated that the ratio of LDL to HDL cholesterol LDL/HDL in blood increases with increased intake amount of TFAs 6 . In particular, intake of TFAs that exceeds 2 of overall daily energy consumption significantly increases the LDL/HDL ratio 7 . TFAs are one component in triacylglycerol and phospholipids, and exist in foods we consume every day. TFAs are geometric isomers of unsaturated fatty acids UFAs possessing at least one double bond in the trans configuration; however, the definition of TFAs by Codex excludes fatty acids having conjugated double bonds even if they have a trans type UFAs by enteric bacteria in the rumen of ruminant animals 10 13 . Therefore, foods using partially hydrogenated oil PHO , ruminant milk, and ruminant meat contain TFA as a result. The recommended quantity of TFA intake per day or per percent of daily energy has been calculated in many studies; however, none of these results account for the quality, namely the type, of TFA isomers. It has been reported that trans/trans-18:2 polyene type TFA was most adversely associated with total mortality, mainly due to increased risk of CVD 14 . In addition, trans/cis-18:2 was also positively associated with total mortality and coronary heart disease CHD . 19 . It is also known that heated oil forms TFAs 21, 22 ; however, the distribution of the TFA isomers in heated oil has not been reported thus far. In this study, we examined the trans isomerization of UFAs in liquid oil, using model compounds, to reveal the distribution of TFA isomers, and the TFA formation mechanism. 
MATERIALS AND METHODS

Chemicals and materials
Heating of OOO with Ar
Five hundred milligrams of OOO was placed in a 10-mL screw-capped glass test tube. The headspace air of the test tube was replaced with Ar via an Ar gas stream, and screw capped. The test tubes were heated at 180 for 5, 10, 15, 30, 60, or 180 min.
Heating of OOO with O 2
Five hundred milligrams of OOO was placed in a 10-mL screw-capped glass test tube. The unsealed test tubes were bubbled with O 2 at a rate of 5 mL/min via a Pasteur pipette connected by polyvinyl chloride tubing to an O 2 gas bomb. The test tubes were then sealed and heated at 180 for 5, 10, 15, 30, 60, or 180 min.
2.5 Heating of OOO with added α-tocopherol α-Tocopherol was added to OOO to 1 v/v , and 500 mg of the sample was placed in a 10-mL screw-capped glass test tube. The samples were heated at 180 for 5, 10, 15, 30, 60, or 180 min.
2.6 Puri cation of the heated sample and methyl esterication The heated sample was purified with a Sep-Pack Silica cartridge 0.65 g . Approximately 50 mg of the sample was loaded into a Sep-Pack Silica cartridge that had been preequilibrated using ethyl acetate for O-FA and L-FA, and a mixture of hexane and ethyl acetate 20:1, v/v for OOO and LLL. Then, the cartridge was washed with 15 mL of the respective solvents used for pre-equilibration, and the organic solvent was removed from the obtained eluate by rotary evaporation. Methyl esterification of the purified sample was performed using the following procedure. Approximately 10 mg of the sample and 1 mL of a 0.5 M sodium hydroxide solution in methanol were placed in a 10-mL screw-capped tube, and mixed. The tube was heated at 100 for 30 s, and cooled to room temperature. Two milliliters of a 14 boron trifluoride methanol solution was added to the cooled mixture, and heated again at 100 for 20 s. The heated tube was cooled to 40 under air, and 1 mL of n-hexane was added to the solution. A saturated sodium chloride solution 3 mL was added to the mixture, and mixed vigorously. The tube was left to stand for a few minutes to allow the n-hexane and water layers to separate.
Analysis of fatty acid composition
The fatty acid composition was quantified according to AOCS method Ce 1j-07 23 . Briefly, one microliter of obtained fatty acid methyl ester FAME dissolved in hexane was analyzed by a gas chromatography-flame ionization detector system GC-FID, GC2014, Shimadzu Corporation, Kyoto, Japan equipped with a capillary column SP-2560, 100 m 0.25 mm i.d., 0.20 μm thickness, Sigma-Aldrich Japan K.K. . The temperatures of the injection port and detector were 235 and 325 , respectively. The initial column temperature was 180 , which was maintained for 32 min, then increased to 240 at the rate of 20 /min. This final column temperature of 240 was maintained for 31.25 min. Helium was used as the carrier gas at a flow rate of 2.0 mL/min. The split ratio was 100:1. The fatty acid species were identified using the retention time of a FAME standard solution Supelco 37 Component FAME Mix, Sigma-Aldrich Japan K.K. .
Analysis of fatty acid positional isomers
The cis and trans fractions in the FAME were separated using a silver ion cartridge Ag-ION SPE . These procedures were carried out according to the methods reported by Goto et al. 24 All the obtained sample FAMEs were loaded into the cartridge, and 8 mL of dichloromethane was passed through to remove the saturated fatty acid fraction. The trans FAME fraction was then collected with 8 mL of dichloromethane/ethyl acetate 90:10, v/v . This fraction was used for trans FAME positional isomer analysis. One microliter of separated trans FAME dissolved in hexane was subjected to GC-FID equipped with an SLB-IL111 capillary column 100 m 0.25 mm ID, 0.20 μm thickness, Sigma-Aldrich Japan K.K. . Both the injector and detector temperatures were set at 250 . The initial column temperature was kept at 160 for 60 min. Helium was used as the carrier gas at a flow rate of 1.2 mL/min. The split ratio was 40:1. Confirmation of the structure of trans FAME isomer was conducted according to the method by Yoshinaga et al. 19 .
Analysis of polymer content in heated sample
Ten milligrams of heated or unheated sample was dissolved in 10 mL of tetrahydrofuran THF and 50 μL of the solution was injected into an HPLC system Alliance e2695, Waters Corporation equipped with a refractive index detector RI 704, GL Science Inc., Tokyo, Japan and a gel permeation chromatography column GPC KF-804L, Mw: 100-300,000, 7 μm, 8.0 mm i.d. 300 mm, Showa Denko K. K., Tokyo, Japan . The analytical conditions were as follows: mobile phase: THF, column temperature: 40 , and flow rate: 1.0 mL/min. These conditions were consistent with the JOCS official method 2.5.7.
25 . Both O-FA and OOO showed nearly identical results. The quantity of oleic acid decreased with heating time; in contrast, the amount of trans-18:1 increased. In the case of OOO in Fig. 1 Fig. 2 . The scale of the quantity of linoleic acid is indicated on the left axis, and the scale of trans-18:2 isomers are indicated on the right axis. Both L-FA and LLL showed nearly identical results. The quantity of linoleic acid decreased with heating time; in contrast, the amount of trans-18:2 isomers increased. In the unheated samples, a small amount of t,c-18:2 was present in L-FA and LLL; therefore, the original value was subtracted from the final quantity of t,c-18:2, and the formed t,c-18:2 amount is indicated in Fig. 2 . Three types of trans-18:2 isomers were formed by heating, and those having one trans type double bond formed during the first 60 min in both A L-FA and B LLL. The t,t-18:2 formed only at 180 min. In the case of LLL in Fig. 2 B , linoleic acid content decreased by about 5 ; however, the sum of formed trans-18:2 isomers was about 0.3 .
RESULTS
Identi cation of double bond position in formed TFAs
The GC-FID chromatograms of heated O-FA and L-FA are shown in Fig. 3 and Fig. 4 , respectively. Only one peak 
Effect of Ar, O 2 , and α-tocopherol for the formation of trans-18:1
The effects of Ar, O 2 , and α-tocopherol on the formation of trans-18:1, and decrease of oleic acid in heated OOO are summarized in Fig. 5 . The OOO heated with O 2 coagulated after 60 min; therefore, the sample at 180 min was not analyzed. Adding α-tocopherol and heating under Ar did not increase the amount of trans-18:1, nor decrease oleic acid drastically. In contrast, heating OOO with air control and O 2 increased the quantity of trans-18:1, and decreased oleic acid. The addition of 1 α-tocopherol to OOO was also investigated. Normally, ppm concentrations of α-tocopherol are used to suppress the oxidation of lipids, because large quantities of α-tocopherol work as pro-oxidants. A previous study showed that 0.1 1,000 ppm α-tocopherol did not suppress trans isomerization 26 . Furthermore, 0.2 α-tocopherol did not suppress trans isomerization even though the formation of TFAs were suppressed relative to 0.1 α-tocopherol. Consequently, 1 α-tocopherol was employed in this study. 
DISCUSSION
Refined liquid plant oil also contains TFAs; however, concerns about TFAs in food has focused on PHO and ruminant TFAs. Tsuzuki et al. reported that formation of TFAs in oils and fats is achieved by radical reaction 25 . Addition reactions of radicals to a cis type double bond can change it to a trans type double bond without migration of the double bond position. In spite of these reports, a detailed study concerning TFA isomers formed by heating had not been undertaken. Currently, concerns about TFAs have evolved to focus on the variation in adverse effects of different TFA isomers 14 . Therefore, it is meaningful to reveal the products and mechanism of trans isomerization in heated oils and fats. In this study, oleic acid and linoleic acid were selected as representative UFAs in liquid plant oil. Because plant oil is composed of several kinds of fatty acids, many species of fatty acids are formed upon heating, making analysis of the results difficult. However, a single species of fatty acid and triacylglycerol were formed when oleic acid and linoleic acid were heated. As indicated in Fig. 1 B , the decrease in oleic acid was about 5 ; however, the formed trans-18:1 was about 1.2 . Further, the decreased amount of linoleic acid was about 5 ; however, the sum of formed trans-18:2 isomers was about 0.3 Fig. 2 B . These results suggest that the loss of the original fatty acid was not completely accounted for by trans isomerization. Furthermore, it seems that trans isomerization occurs in oleic acid more easily than in linoleic acid. Although heating decreased the amount of the original fatty acids in both samples by about 5 , the formed trans-18:1 quantity was about 1.2 for oleic acid, and the amount of formed trans-18:2 isomers was about 0.3 for linoleic acid. It is likely that LLL changes easily to lipid hydroperoxide rather than trans-18:2 isomers. Tsuzuki et al. reported that heating LLL generates more polar compounds than OOO 27 . This result supports our assumption. A radical R initiated trans isomerization mechanism of UFAs by Tzeng and Hu was modified and is shown in Fig. 7 28 . It is likely that the lipid peroxyl radical plays the role of R in this reaction. Tzeng and Hu reported that the radical addition mechanism is more favorable than the hydrogen abstraction mechanism 27 . That main reaction pathway should therefore be that shown in Fig. 7 Fig. 4 . These formed TFAs did not change the original cis double bond positions, and this is distinct from trans isomerization by hydrogenation to form PHO and biohydrogenation to form TFAs in ruminants. According to these results, radicals formed by heating have an important role in isomerization. Figure 5 indicates that the suppression of radical reactions by an antioxidant, namely α-tocopherol, and Ar inhibited the formation of elaidic acid trans-9-18:1 from oleic acid, and decreased the amount of oleic acid. In contrast, OOO heated under air and O 2 drastically increased elaidic acid. OOO heated under O 2 coagulated after 60 min, and the values at 180 min were not analyzed. The radical reaction likely formed a polymer from OOO in this reaction. These results also support that TFA formation by heating is accomplished by a radical reaction. The relationship between the quantity of elaidic acid and polymer in heated OOO under air and O 2 was examined Fig. 6 . The R 2 obtained from the first order equation fit to the data was higher than 0.99. However, the slope of the respective equations were fairly different. Decomposition of formed products by radical reactions likely occurs in both systems. The ratio of polymerization and decomposition reactions was different between the two systems, and the slope of the equation was different as a result. These results further support that TFA formation by heating occurs via a radical reaction. Tzeng and Hu compared the activation energy for trans isomerization of a double bond in UFAs among three kinds of radicals: nitrogen dioxide NO 2 , thiyl RS , and peroxide ROO radicals 28 . These radicals catalyze isomerization, and the thiyl radical showed the lowest activation energy among them. This result suggests that trans isomerization can easily proceed in oils or foods containing thiyl radicals formed from foods containing thiols SH such as cysteine. Foodstuffs are comprised of many compounds; therefore, several kinds of radicals can also form during the processing of foods by heating. Antioxidants are also contained in many foods. A chroman ring in tocopherol, a representative lipid-soluble antioxidant in foods, can receive an electron from thiol to form a thiyl radical. In contrast, ascorbic acid, a water-soluble antioxidant, can donate an electron to a thiyl radical 29 . These results indicate that tocopherol radicals formed by an antioxidant reaction in lipid oxidation might be a cause of thiyl radical formation in food. Of course, thiyl radicals can also be reduced by ascorbic acid. Consequently, it may be necessary to assess the quality of TFAs formed from heated oil.
CONCLUSION
The trans isomerization of UFAs by heating is caused by a radical reaction. Several results indicated in this study supported this idea. Furthermore, isomerization changed cis type double bonds to trans type double bonds in UFAs without changing the original double bond positions. Consequently, the structures of TFA isomers formed by heating were very simple compared to TFA isomers formed by hydrogenation of oil and biohydrogenation in ruminant.
